[Abstract] It is well-established that plants are able to acclimate to temperatures above or below the optimal temperature for their growth. Here, we provide protocols for assays that can be used quantitatively or qualitatively to assess the relative ability of plants to acquire tolerance to high temperature stress. The hypocotyl elongation assay described was developed to screen for mutants defective in the acquisition of tolerance to extreme temperature stress, and other assays were developed to further characterize mutant and transgenic plants for heat tolerance of other processes or at other growth stages. Although the protocols provide details for application to Arabidopsis thaliana, the same basic methods can be adopted to assay heat tolerance in other plant species.
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Because plants can experience rapid daily temperature cycles, it is perhaps not surprising that heat tolerance can be acquired on a time scale consistent with diurnal changes in temperature, and that acclimation treatments afford maximal protection if they are administered 24 h or less before the imposition of damaging heat stress. It is also important to recognize that plant responses to temperature vary significantly with the length and severity, as well as the developmental timing of the temperature treatment. A review by Yeh et al. (2012) provides an excellent description of how variations in temperature treatments can affect phenotypic outcomes. Here we describe in detail basic methods that have been used to assess the ability of plants to acclimate to severe high temperature using Arabidopsis thaliana. Done precisely, these assays can provide quantitative information on the relative heat tolerance of different plant genotypes or of plants grown under different conditions. They can also readily be developed to use with other plant species. 
Procedure
A. Hypocotyl elongation assay for testing acclimation to high temperature The assay described here can provide quantitative data on the ability of seedlings to develop tolerance to a normally lethal/severely damaging high temperature stress. c. In a sterile environment, place the seeds on half-strength MS agar media (see Recipes) in square plates with grids using sterile pipette tips that are cut appropriately (a couple of millimeters) at the tip to allow passage of the seeds, ideally one by one. We usually put 12-13 seeds on each line with even spacing between seeds (Figure 1 ). Stagger the seed placement from one line to the next in order to avoid contact when the hypocotyls elongate.
It is important to put appropriate control samples (wild-type and a heat sensitive mutant) on every plate. Short days can also be used if they provide better growth for a particular genotype.
4. Perform heat treatments in an oven incubator as described above for the hypocotyl elongation assay, varying the length of time as necessary in order to distinguish between genotypes.
Acclimation treatment is the same as for the hypocotyl elongation assay. Again, try to minimize temperature drop by acting quickly when opening and closing the incubator. Make sure you have control plates with no acclimation treatment, as well as plates maintained continuously at optimal growth temperatures for comparison.
5. After the heat treatment, put the plates back in a growth chamber and let them recover for 5-8
days. You can take a picture when the phenotypic differences are optimal.
C. Heat tolerance of germination Before germination seeds are significantly more heat tolerant and variation in heat tolerance of seeds between Arabidopsis accessions has been documented (Clerkx et al., 2004 2. Sow seeds in Petri dishes on filter paper saturated with the same volume of water for all plates.
Volume should be sufficient to completely wet the filter paper without leaving excess water. 30
to 50 seeds of each genotype to be tested are spread evenly on the filter paper, using a separate plate for each genotype. Seeds are allowed to imbibe for 18 h at room temperature.
To retain moisture, Petri dishes should be enclosed in plastic boxes lined on the bottom with water saturated filter paper throughout the assay.
3. Perform heat treatment by direct transfer of the plates to 50 °C for 8 h, then return them to room temperature to score germination. Use identical plates maintained at room temperature as a control for germination potential of the seed lot.
4. Determine germination percentage at an end point after 7 days, or record germination daily for estimates of differences in germination rate. Score small seeds, such as Arabidopsis, under a dissecting scope, or alternatively by photographing and scoring enlarged pictures viewed on a computer screen. Score seeds as germinated at the first sign of radical emergence.
D. Heat tolerance of seedling greening
The ability of dark grown seedlings to accumulate chlorophyll can be tested for heat tolerance either with or without an acclimation treatment. The assay below does not employ acclimation.
1. Prepare plates with seedlings as for the hypocotyl elongation assay and grow seedlings for 2.5 to 3 days, vertically, in the dark. Cotyledons can also be counted daily for expansion/opening.
E. Other heat stress treatments
The heat stress treatments described above have been used extensively in studies of Arabidopsis.
However, the exact times and temperatures can also be varied to assay different phenotypes. For example, acclimation pretreatments can be performed by raising the temperature gradually from 20
to 22 °C to the stress temperature of 45 °C over the course of 3 to 4 h ( Larkindale and Vierling, 2008 ). This requires an appropriate chamber with temperature ramping capabilities, which is a www.bio-protocol.org/e2405 limiting resource for most laboratories. However, this gradual acclimation treatment was documented to provide better seedling viability after recovery from stress than the acclimation treatment described above. Another parameter than can be varied is the time between the acclimation treatment and the heat stress treatment, which can assess differences in the ability of different genotypes to maintain acclimation. Yeh et al. (2012) describe other parameters that can be modified in assays for heat tolerance.
F. Adapting assays to other plant species
As noted in the background section, the original assay for hypocotyl elongation was adapted from experiments with soybean (Lin et al., 1984) , and other plant species can be similarly assayed for acclimation to high temperatures. For this purpose, it is simply necessary to perform careful preliminary experiments to establish the rate of seedling germination and extent of hypocotyl growth or other parameters, as well as the time and temperature that results in heat killing or seedling growth arrest for each species at different growth stages.
Data analysis

A. Hypocotyl elongation assay
Using Microsoft Excel, plot genotypes on the x-axis and corresponding hypocotyl lengths on the y-axis. When there are mutants that are defective in growth, normalize the length relative to the control (no heat treatment) growth for each genotype. An example is shown in Figure 4 . Typical standard deviation from 45 °C/2 h treatment after acclimation is about 10% for wild-type Columbia, when the lengths are normalized to the control growth. Statistical significance can be tested by performing a Student's t-test. At least three independent experiments must be performed with similar results for reproducibility. B. Heat stress assay for light-grown 7-10 day old seedlings Take a picture when the phenotypic differences are optimal, which happens usually 5 to 8 days after heat treatment. An example is shown in Figure 5 . To make the assay more quantitative, count seedlings that have survived and graph the percentage of survival as in Larkindale et al. (2005) . As detailed in the procedure, it is also good practice to plant sectors of the same genotype on opposite sides of the plate, to account for differences in heat distribution. Even small temperature differences can result in different outcomes. It is also critical to have genotypes to be compared on the same plate. At least three independent experiments must be performed with similar results for reproducibility. 7. For all assays described here, comparisons between genotypes are made by comparing percentages calculated based on untreated seeds or seedlings of the same genotype. In addition, whenever possible, it is preferable to use seeds from plants that were grown at the same time and under the same conditions, and to store the seeds under the same conditions. This is important for determining if there are significant differences in heat tolerance between genotypes, especially if differences are small. Repeating with more than one batch of seeds is critical for confirming small differences between genotypes.
8. For assays of heat stressed light grown seedlings or for heat tolerance of cotyledon greening, quantitative results can also be obtained by extracting chlorophyll from equal numbers of seedlings from control and heat stressed samples as developed by Burke et al. (2000) .
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